INTRODUCTION
The phytosterols of tobacco have been the subject of a number of investigations (1-:12) which, for the most part, have been concerned with techniques of isolation and identification; thus <hOlesterol, campesterol, stigmasterol, and P-sitosterol have been shown to be the diaracteristic sterols of tobacco. Earlier reports alluded to the presence of y-sitosterol in tobacco (:1, :13); however, subsequent studies showed this material to be a mixture of P-sitosterol and campesterol rather than a single compound (14) (15) (16) . One report (13) cited the presence of ergosterol in tobacco.
The phytosterols can influence the chemical nature of tobacco smoke in two ways: by direct transfer into the smoke or by pyrolytic conversion to other products which also enter the smOke stream. To determine the extent to which the 6rst of these processes occurs, a relatively simple procedure was needed for the analysis of the sterols. Methods utilized previously can best be described as semi-quantitative. Grunwald (9} and Cheng (:to), for example, made use of the technique of precipitating the sterols with digitonin prior to analysis. A similar method was described earlier by Stedman (4). The obvious disadvantages of this technique, which we encountered, are losses due to derivatization and subsequent decomposition of the digitonides. Although previous workers (9, 1o) also studied the transfer of phytosterols from leaf to smoke, they failed to consider the sidestream portion of the smoke -which actually consumes more tobacco in its formation than does the mainstream (17}. In the procedure described herein, preparation of sterol-digitonides is unnecessary, the sterols being isolated and analyzed as such. l 4 C-Iabelled cholesterol is used as internal standard to calculate recoveries, and to determine absolute amounts of sterols. Gel permeation chromatography of tobacco or smoke extracts, containing tracer, results in sterol-rich eluates (19, 20) , including alkylchrysenes (21) . However, pyrolysis is merely one of the processes occurring in a burning cigarette (22, 23) , and may-not be an accurate reflection of the total picture. In the present study, therefore, in addition-to developing a new analytical method for the phytosterols of tobacco, we explore their fate in a burning cigarette.
EXPERIMENTAL

Apparatus
Cigarettes and little cigars were smo~ed on a 2o-port automated Phipps and Bird smoking machine for the collection .of mainstream smoke, and on a single-port Borgwaldt piston-type machine-(24) in conjunction with a specially designed smoke chamber (25) ± io mg) and were stored in a constant humidity and temperature chamber (relative humidity 6o%, 22° C) for at least 24 hours prior to smoking.
Procedure: Isolation of Free Sterols
From Tobacco: The tobacco from 20 cigarettes or little cigars was ground in a Waring blender and extracted with refluxing methanol ( 6oo ml) in a Soxhlet extractor for :.14 hours. As internal standard, :1.0 ml of a solution of cholesterol-4-14 C (:1.0 j.Lg, ~ :ro6 dpm*) in benzene was added to the methanol solution. The solution was cooled to room temperature; the precipitated material, primarily paraffins, was filtered, and the filtrate was concentrated on a rotary evaporator. Water was added to the methanolic concentrate to achieve a methanol to water ratio of 4 to :1 (in :100 ml). The methanolwater solution was then extracted with n-hexane (3 X :1.50 ml). The combined hexane layers were backextracted with go% methanol (2X.5o ml) and evaporated to dryness under reduced pressure. The residue was redissolved in a small amount of chloroform (ea . .5 ml) for application to a column of Sephadex LH-20.
From Cigarette or Cigar Smoke:
For analysis of mainstream smoke, twenty cigarettes or little cigars, weightselected and pre-humidified, were smoked through a Cambridge filter (CM-:1:13) (.5 cigarettes or little cigars per filter) under standard conditions (one 3.5 ml puff of 2 seconds duration every minute to a butt length of 23 mm). For analysis of sidestream smoke, air was continually passed through the smoking chamber (25) at a rate of 25 ml/s, and the smoke particulates were collected on a Cambridge filter. In either case, the filters loaded with particulate matter were broken up and soaked in acetone overnight, together with the acetone washings of the filter holders. The suspension of smoke particulates, to which :r.o j.Lg of cholesterol-4_14C had been added, was filtered, and the filtrate was evaporated to dryness. The resulting residue was dissolved in chloroform, and an appropriate aliquot (25 Ofo) was taken for chromatography on Sephadex LH-20.
• disintegrations per minute.
:1:12
Isolation and Analysis of Total Sterols
The methanolic extract of tobacco or the acetone ex· tract of tobacco smoke particulates (both containing 14 C-labelled internal standard) was evaporated to dryness. The residue was then refluxed, for 20 hours, in a solution of 9.5 Ofo ethanol containing o.65 ml of concentrated sulfuric acid. Hydrolysis of the steryl esters was completed by adding 75 ml of a solution of 95 °/o ethanol containing :10 Ofo KOH and refluxing for an additional 30 minutes. The resulting mixture was neutralized, concentrated, and worked up as for free sterols.
Gel Permeation Chromatography
Sephadex LH-20 was swollen in chloroform overnight (75 g); the resulting thick slurry was poured into a 2 X 105 cm glass column with a void volume of So ml. After application of the chloroform solution of tobacco or smoke isolate, the column was eluted with chloroform at a flow rate of 0.5 ml/min, and fractions (3 ml) were collected. Fractions 28-6o contained mainly paraffins (Cll5-Cs5}, a-tocopherol, and amyrins. The major portion of the radioactivity (due to the internal standard} was found in fractions 61--70 (~ 65-75 °/o recovery) containing the phytosterols. Shorter columns (2 X 33 cm) of Sephadex were also used and found to be satisfactory. In these cases, the void volume was 12 ml; the flow rate was 0.3 ml/min, and 2 ml fractions were collected. Fractions 16-26 contained the major radioactivity (8CJ-9o% of total) and the phytosterols. With either modification, the radioactive fractions were pooled, and the pooled fractions were concentrated for glc analysis. Recoveries were determined by counting appropriate aliquots.
Gas Chromatography
Phytosterol concentrates from tobacco and tobacco smoke and standard mixtures were resolved at 265° C on an 11 ft. X 0.125 in. glass column (with glass-lined injector port) packed with 5 Ofo 'SE-30 on Chromosorb W (mesh 6o/8o). Helium was used as a carrier gas with a flow rate of 43 ml/min. Other conditions were: column temperature, 265° C; injector temperature, 280° C; detector temperature, 280° C. Retention data for the phytosterols are given in Table 1 , and representative gas chromatograms are shown in Figure 1 .
Qualitative and Quantitative Analysis
Peak identities were established by the use of combined glc/ms in addition to retention times. For quantitative analysis, a known amount of cholestane was added, as a second internal standard, to the phytosterol fractions in ethyl acetate, and aliquots were subjected to glc under the conditions described above. Peak areas of the resulting chromatograms were measured, and corresponding weights were obtained by use of appropriate calibration curves (26). 
RESULTS AND DISCUSSION
Phytosterols in Tobacco
Sephadex chromatography of the "terpenoid fraction" of tobacco yielded an eluate, which on glc analysis showed four major peaks (Fig. 2) . Further analysis by combined glc-mass spectrometry showed these peaks to be cholesterol, campesterol, stigmasterol, and Psitosterol"'. Retention times were consistent with peak assignments (Table 1) ; smaller peaks eluting between cholesterol and campesterol and . after P-sitosterol were shown by mass spectra and retention times to be a-tocopherol and P-amyrin, respectively. The mass spectra obtained for the major peaks were unexceptional and compared well to spectra of reference. sterols. Characteristic ions were produced in each case, including the molecular ion (M), M-15, M-18, M-(15+18), M-(side chain), in addition to the other expected ions in the intermediate and lower mass regions of the spectra. Inasmuch as the four sterols differ only in the nature of the side chain, they all give essentially identical fragmentation patterns once the side chain is removed on electron-impact, that is, ions with masses of 273, 255, 231, 213, and so on. Detailed spectta have been published (27, 28) . These initial studies led us to develop a quantitative method for the analysis of the free sterols of tobacco (Fig. 3) based on Sephadex chromatography of a to- bacco isolate (to which 14C-cholesterol is addep as internal standard) followed ~y glc of the radioactive portion of the eluate. The gas chromatogram obtained and used for quanti~ative analysis is identiCal to that shown (Fig. 2) . ' The method was applied to cigar tobacco, and repeated analyses gave the data, summarized in Table 2 , for free sterols. In addition, by incorporating acid and alkaline hydrolysis steps into the procedure, we were able to determine total sterols (Table 3) . Bouf!.d sterols were then determined by . difference. * Detailed mass-spectral analysis did not reveal any phytosterol other than (3·sitosterol under the last major peak (Fig. 2) . Gel permeation chromatography of tobacco fractions has previously been reported by Wall and eo-workers (7). By using this method in conjunction with counter current distribution, they isolated the sterols of tobacco. However, their procedure was not quantitative and was, moreover, rather involved. It appears unnecessary, on the basis of the present studies, to conduct extensive preliminary fractionation of tobacco isolates to obtain quantitative amounts of sterols and possibly amyrins and tocopherols. As for ergosterol, our studies indicate that this compound is highly unstable, and . not amenable to glc, even on glass columns. Trimethylsilylation of the authentic material, however, enables it to be gaschromatographed satisfactorily, and when added to a standard mixture of silylated sterols is found to elute between cholesterol and campesterol. Silylated sterol fractions from tobacco and tobacco smoke fail to exhibit a corresponding peak.
Phytosterols in Tobacco Smoke
The same method as that used for leaf sterols was essentially applied to tobacco smoke (Fig. 4 ). Recoveries were somewhat higher for the smoke sterols (8o--9o0fo). Pertinent data (Tables 5 and 6 ) are presented for the mainstream and sidestream smoke of the commercial cigarette and little cigar used throughout this study. This is the first report of levels of sterols in the sidestream smoke of a cigarette and a cigar. Paraffins and other high molecular weight components
Transfer rates of sterols (Table 7 ) from leaf into smoke (mainstream and sidestream) can be calculated from the foregoing data. It is evident that much of the sterol content in leaf cannot be accounted for, since only about zo 0 /o is transferred, as sterols, into the smoke. Free sterols in smoke can ostensibly arise 
Pyrolysis and Tracer Studies
Pyrolysis studies have demonstrated that at relatively high temperatures (> 700° q sterols are converted to small amounts of polynuclear aromatic hydrocarbons [PAH (1.9-2:1, 29, 30) ]. This is to be expected because of the structural features of sterols, and in pyrolyzates of sterols phenanthrene is found as a major constituent of the PAH (20) .
Although not yet established, a signillcant portion of the high temperature pyrolysis products of sterols would seem to be gaseous in nature.
In a recent study (31.) , we .pyrolyzed the "terpenoid fraction of tobacco" and found, not surprisingly, that PAH are the characteristic high temperature products here, too. Of course, sterols make up a substantial portion of the terpenoids, but other constituents of this fraction also give rise to P AH up_on high-temperature pyrolysis (20) . On the other hand, pyrolysis of the terpenoid &action at lower temperatures (400 to 6oo 0 q yielded pyrolyzates characterized by the presence of alkylnaphthalenes and tetramethylbenzoquinone. The latter compound may arise from a-tocopherol in the terpenoid fraction; alkylnaphthalenes maY have a variety of precursors, including sterols.
Pyrolysis of stigmasterol at 4oo-6oo° C yielded a "naphthalenen fraction consisting predominantly of naphthalene and 1.-and 2-methylnaphthalene, and much smaller amounts of other alkylnaphthalenes. Mass spectral studies indicated the presence of aryl acetylenes and other simple benzene derivatives as well.
Although it is clear from pyrolysis studies that sterols are converted to PAH at high temperatures, the demonstration of this phenomenon in a burning cigarette is more dif6cult. We, therefore impregnated· cigarettes with cholesterol-4-HC, machine-smoked the cigarettes~ and fractionated the cigarette "tar" (32) . In the &ac-tionation procedure used, the P AH are preferentially taken up by nitromethane and other hydrocarbons by cyclohexane. We found that after the fractionation, the former solvent contained 2 °/o of the initial radioactivity, indic'ating that as much as 2 °/o of the 1 4C-cholesterol may have been converted to P AH during the smoking process. Although this represents a rather small amount of conversion product. it could be rather significant in terms of the P AH levels one 6nds in cigarette "tar" (31) . Nine percent of the initially labelled cholesterol represented conversion products other than P AH, that is, compounds of different polarity that were found to be present in the cydohexane layer. Further studies are planned, in whidt the nature of these and other products will be more fully elucidated.
SUMMARY
The influence of tobacco phytosterols (cholesterol, campesterol, stigmasterol, IJ-sitosterol) on the chemical composition and biological activity of tobacco smoke has been of concern to tobacco chemists. Therefore, a relatively simple method, utilizing a 14 C-internal standard, chromatography on Sephadex and gas-liquid duomatography, was developed for the quantitative analysis of the phytosterols; this method was applied to the tobacco and smoke (mainstream and sidestream) of cigarettes and cigars to determine the fate of the phytosterols in burning tobacco. About 2o 0 /o of the total phytosterol content of tobacco was shown to be transferred intact into the smoke; about 2 °/o was possibly converted into polynuclear aromatic hydrocarbons. Radioactive tracer and pyrolysis studies were used to determine the nature of the phytosterol degradation products found in the smoke. 
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